The mechanical response of shock-loaded microelectromechanical systems (MEMS) is simulated to formulate guidelines for the design of dynamically reliable MEMS. MEMS are modeled as microstructures supported on elastic substrates, and the shock loads are represented as pulses of acceleration applied by the package on the substrate over a finite time duration. For typical MEMS and shock loads, the response of the substrate is closely approximated by rigid-body motion. Results indicate that modeling the shock force as a quasi-static force for MEMS with low-natural frequencies may lead to erroneous results. A criterion is obtained to distinguish between the dynamic and quasi-static responses of the MEMS.
Introduction
MEMS may expose dynamic loading during fabrication, deployment and operation, making shock-induced failures a significant reliability concern. For example, MEMS used in automotive applications are required to survive accidental drops onto hard surfaces. Similarly, MEMS used in space applications and those used to monitor intense impact environments are required to survive shock loading during deployment and operation, respectively [1] . There are a few experimental and theoretical studies of the reliability of particular devices. For example, Tanner et al. [2] performed tests on surface micromachined microengines using haversine shock pulses to determine the susceptibility; Wagner et al. [3] demonstrated an approach to improve shock resistance using dynamic finite element analysis for the case of polysilicon cantilevers; Younis et al. [4] presented computationally efficient models and approaches to simulate the response of microstructures under mechanical shock, Ref. [5] provided detailed analysis of the consequences of dropping a micro-machined transducer structure to a solid surface, and in Ref. [6] the reliability and the failure of the ultra-high measure range accelerometer under high impact environment were discussed. However, there are no guidelines for the design of reliable MEMS at present [7] . To facilitate formulating such guidelines, this study is focused on simulating the dynamic response of MEMS under mechanical shock.
Typical MEMS and Shock Loading
To analyze the dynamical reliability of MEMS, they are modeled as microstructures supported on elastic substrates. The microstructures, which are the operative mechanical elements of the device, range from a few microns to several millimeters in size [8] . The substrates are elastic plates (e.g., silicon, quartz) with thickness typically less than 1mm and lateral dimensions on the order of centimeters [8] . Since the substrates are invariably larger and more massive than the microstructures, it is reasonable to assume that the substrates influence the mechanical response of the microstructures, while themselves remaining immune to such responses.
The interaction of the substrate-microstructure assembly with the environment is mediated by the packaging of the MEMS. Such packages span a very large design space. In this analysis, it is assumed that 1) the package is only in mechanical contact with the substrate, and not the microstructures, and 2) the package isolates the substrate and the microstructure from direct mechanical contact with the environment (Figure 1 ), as stated in Ref. [9] .
The interaction of the package and the environment dictates the nature of the shock load transmitted to the substrates. Such interactions include accidental drops onto hard surfaces, shock tests in a laboratory, and exposure to ballistic environments. Regardless of their physical origins, however, shock loads can be represented as pulses of acceleration applied by the package on the substrate over a finite duration. Therefore, a shock load can be completely characterized by specifying the shape, the amplitude (usually reported as multiples of g, with g being the acceleration of gravity), and the duration of the applied acceleration. Such representation permits the analysis of the reliability of MEMS in a variety of shock environments using the same numerical model.
The shocks that occur during service are invariably irregular in pulse shape, jagged in spectral characteristics, and variable from one occurrence to another. Such shock environments can be conveniently approximated by a series of simple shock pulses in laboratory tests. A schematic illustration of a half-sine, saw-tooth, or rectangular shaped shock pulse, which is commonly used in shock testing of MEMS, is shown in Figure 2 [10] . The halfsine waveform is expressed as
where τ is the duration of the load, and a 0 is the amplitude of the shock. The amplitudes of shocks applied to MEMS can vary from 20 to 200,000 g, while the durations range from 40 to 3000 μs [7] . The goal is to analyze the response and reliability of MEMS subjected to such shock loads.
Numerical Analysis
In this work, a high-g shock resistant accelerometer with a silicon cantilever microbeam practically used was selected for finite element simulations under shock loading. It is defined that the accelerometer would measure the acceleration in direction Y. The schematic of the accelerometer was shown in Figure 3 . The length, width and thickness of the microbeam are 1350 μm, 980 μm and 245 μm, respectively. Those of the mass are 1000 μm, 1000 μm and 300 μm, respectively. The commercial software ABAQUS/Explicit 6.10-1 was used in the finite element simulations. The microbeam is assumed to behave in an isotropic, linear elasticity way. The material parameters used in the model were listed in Table 1 [10] . The geometrical model is meshed with C3D8R elements. The meshed model was shown in Figure 4 . The boundary condition of this model was that the left end of the microbeam was fixed. The shock loading of this model is applied on the bottom face of mass part with acceleration by defining the peak value and shock profile along the negative direction of Y. Half-sine, saw-tooth, or rectangular shaped shock pulses are employed. The duration of these pulses varies from 0.2 to 50 μs. Actual shock pulses from the projectile penetration tests are also used. Additionally, the microbeam is assumed to be placed in near vacuum conditions, which represents a worst case scenario since damping tends to suppress the response.
Figure 5(a)
shows the time response of the microbeam to a mechanical shock pulse of amplitude 180 g and duration 50 μs. It is observed that when the shock profile is half-sine or triangular shape, the microbeam experiences the shock pulse as a quasi-static load (the response looks similar to the shock profile). This is because the first natural period of the microbeam is much smaller than the pulse duration. However, when the shock pulse has a rectangular shape, which contains a rich frequency contents, no matter how large is the duration of the pulse compared to the natural period of the structure, the structure responds dynamically, as can be seen from Figure 5(a) . Figure 5(b) shows the response of the same microbeam to similar shock pulses, but of duration 0.2 μs, which is close to the natural period of the microbeam. It can be seen that the microbeam experiences the shock loadings as dynamic loads. It is noted also that the maximum amplitude of the microbeam in Figure 5(b) is larger than that in Figure 5(a) . This sensitivity of the response to the shock duration has to be taken into account when designing MEMS devices. Therefore, it is concluded from those two figures that a microstructure can experience a shock load as a quasi-static load or a dynamic load depending on the ratio between the natural periods of the structure and the time duration of the shock pulse. This result is in agreement with the conclusion of Srikar and Senturia [7] . Figure 6 shows the time response of the microbeam to a triangular shock pulse of amplitude 68750 g and duration 0.2 μs. The shock amplification factor, which is the dynamic peak response normalized to the peak response due to a static load of the same amplitude as the shock load [4] , is approximately 1.14. Whereas for this shock pulse of amplitude 68750 g, the amplification factor is 1.17. This means that the dynamic response to a shock load is equivalent to a corresponding times that due to a static load of the same magnitude. This conclusion also applies to the case of a half-sine pulse shock. Actual shock pulses obtained from projectile penetration tests [11] as shown in Figure 7 are used to analyze the response of the microbeam. Figure 8 shows the acceleration response of the same microbeam aforementioned versus time. It is found that the microbeam behaves dynamically, and the amplification factor is much larger than that under the shock pulse of half-sine and triangular shapes.
Conclusion
The mechanical responses of a shock-loaded accelerometer are simulated by modeling it as a microstructure attached to an elastic substrate. For typical MEMS and shocks, the substrate responds as a rigid-body. It is found that the nature of the mechanical response of shock-loaded MEMS is governed by the relative magnitudes of three time scales, viz. the acoustic transit time, the time-period of vibrations and the duration of the applied load, and the shock pulse profile, which affects the frequency range. This criterion, obtained to distinguish between the dynamic and quasi-static responses of MEMS, agrees well with the existing study of Srikar and Senturia [7] . 
